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ABSTRACT 

The U.S. Anny currently uses the root mean square of 
elevation and power spectral density to characterize 
road/terrain (off-road) roughness for durability. This 
paper describes research aimed toward improving these 
metrics. One method currently under consideration 
involves running a relatively simple, yet vehicle class 
specific, model over a given terrain and using predicted 
vehicle response(s) to classify or characterize the 
terrain. A precedent for this concept is the International 
Roughness Index or IRI, used in the highway industry to 
rate road roughness. This paper will provide a summary 
of the research done to date on this problem. 

INTRODUCTION 

Properly characterizing terrain roughness is an important 
issue for the U.S. Anny. Currently, in the procurement of 
new vehicles, the Anny specifies the roughness of the 
test course to which the vehicle would be subjected 
during testing. This specification comes in the fonn of a 
root mean square elevation (RMSE) or a power spectral 
density (PSD). The Army uses RMSE to characterize 
roughness of the terrain because it is a simple single 
measure. As an example, cross-country terrain driving 
is classified as having a 0.8 to 1.8 inch RMSE [1]. 

The RMSE is a single number that represents the 
roughness of the courses or the roughness of the terrain 
where actual vehicles are being tested. The simulations 
that use RMSE as a test for roughness cannot be 
validated or correlated to experiment. The dangers of 
misctassification of terrain roughness include vehicle 
malfunctions, subsequent required equipment 
modifications, excessive maintenance efforts, and 
revisions and restarts of the test program [2]. 

Using RMSE requires that some strong statistical 
assumptions hold for the test course. The course is 
assumed to be stationary, Gaussian, and to be a one­
dimensional time series. While some of these 
assumptions may be true for a particular course and/or 
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terrain, more often than not, one or more of the above 
assumptions is not true. 

This paper describes an alternative approach to 
characterizing test courses. This approach involves 
examining the response(s) of a simple vehicle model 
driven over the terrain/test course and developing a 
rating scheme to characterize the roughness of the 
terrain. One example of this type of rating that is already 
being used in the highway community to measure 
roadway roughness is the International Roughness 
Index (IRI). This paper presents very preliminary results 
of further extensions and refinements related to 
appropriate tire models and incorporation of fatigue 
analysis concepts into the terrain rating process. The 
research for this effort is in the early stages, but an 
overview of the approach and some preliminary results 
are presented in this paper. 

APPROACH 

The goal of this research is to develop a system for 
rating terrain and/or test courses based on the 
response(s) of a relatively simple vehicle model driven 
over the terrain profile. Several questions need to be 
answered to achieve this goal. They include the 
following: 

• What level of sophistication is required for the 
vehicle model? 

• What level of sophistication is required for the tire 
model used in conjunction with the vehicle model? 

• What should the parameters be for the given model? 
• What vehicle response(s) should be considered 

when developing a metric or rating scheme? 
• What vehicle model speed(s) should be used when 

rating the terrain? 
• How should the wide range of vehicle classes and 

types be treated? 
• How can the terrain rating be related to the 

mechanics of fatigue failure? 
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When detennining the level of sophistication required for 
the vehicle and tire models, the general approach will be 
to start with very simple models and to increase the 
complexity until little further increase in predicting the 
true nature of the terrain roughness is gained. 

If we have two distinct vehicle models for rating the 
terrain, one simplified with respect to the other, will they 
produce similar or distinct terrain rating(s)? 

The terrain rating modeling criterion is: 

If the simpler model produces essentially the same 
rating as the higher order model, then the former is an 
adequate approximation; otherwise it is not. 

The parameters for the vehicle and tire models will likely 
be based on the class of vehicle being procured. 

Since the terrain rating will be used to generate or 
specify terrain for assessment of vehicle durability, it is 
thought that the rating procedure should be fonnally 
related to durability. Of all the factors that influence 
vehicle durability, fatigue failure of components is most 
significantly related to terrain characteristics. Thus, 
fatigue prediction based on stresses developed in an 
arbitrary part subjected to force(s) in the vehicle model 
caused by driving over the terrain is being investigated 
as a basis for directly relating terrain characteristics to 
durability. 

A range of speeds will be evaluated depending on the 
roughness of the terrain and the class of vehicle being 
assessed. 

An example of a relatively simple vehicle model being 
used to rate roadways is the IRI. A brief overview of the 
IRI is presented below. 

OVERVIEW OF THE IRI 

The IRI was developed over several decades. The 
following bullets are taken from a summary of the IRI 
evolution found in [1]. 

• Routine analysis of road profiles began shortly after 
the GM profiler was developed in the late 1960's. 

• One of the first research applications combined 
measured profiles with a quarter car model that 
replicated the Bureau of Public Roads (BPR) 
Roughometer - a one-wheeled trailer with a road 
meter. 

• In the late 1970's, National Cooperative Highway 
Research Program (NCHRP) sponsored a study of 
response-type road roughness measuring systems 
like the BPR Roughometer. 

• An objective of this study was to develop calibration 
methods for the response-type systems - the 
researchers concluded that the only valid method 
was to calibrate by correlation against a defined 
roughness index. 

• The best correlation was obtained with a set of 
parameters called the ·Golden Car: 

• The Golden Car spring rate parameters were 
chosen to match the two major resonant frequencies 
(body and axle bounce) for a circa 1978 vehicle, but 
the damping is much higher than most cars and 
trucks. This was done to improve correlation wiith a 
wide variety of response-type systems. 

• The Golden Car was one of the candidate 
references considered for the IRI and was select,ed. 

• A speed of 80 km/hr was chosen as the standard 
speed for the simulation. 

The IRI is computed from a single longitudinal profile. 
The sample interval for the profile should be no larger 
than 300 mm for accurate calculations. The required 
resolution depends on the roughness level with 1rrner 
resolution being needed for smooth roads. The profile is 
assumed to have constant slope between sampled 
elevation points. The profile is smoothed with a moving 
average whose base length is 250 mm. The smoolthed 
profile is fiHered using a quarter-car simulation (Golden 
Car) with a simulated speed of 80 km/hr. The simulated 
suspension motion is linear1y accumulated and divided 
by the length of the profile to get IRI (IRI has units of 
slope). 

IRI ALGORITHMS AND CALCULATIONS 

The IRI contains two filters: a moving average filter on 
the terrain height (tire model), and a quarter car model. 
The moving average filter, which is a first order 
approximation of a tire's terrain enveloping behavior, 
generates a smoothed profile height (hps) from the 

original profile (hP) and is defined as: 

where 

and 

Ls =moving average base length, 250 mm 

!:i = sample inteiVal 

(1) 

A sine sweep was created to show the inpuUoutput 
relationship for the moving average fiHer. · The resuHs 
are given in Figure 1. The transfer function for the 
moving average filter is given in Figure 2. Three base 
lengths are shown in this figure: 0.125, 0.25 (IRI base 
length), and 0.5 m. This figure shows that the moving 
average filter is essentially a low pass filter and that the 
longer the base length, the lower the cut-off frequency. 
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Figure 1 -IRI Tire Model "Time Domain" Response 
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Figure 2 - IRI Tire Enveloping Model Frequency 
Response 

The IRI quarter car model is shown in Figure 3. 

The quarter car equations of motion were derived as: 

Sprung Mass 

Unsprung Mass 

muzu = -ks (zu -Z8 )-c8 (iu- i 8 ) +kt (h- Zu) 

(2) 
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Figure 3 - IRI Quarter Car Model [3] 

Where ms and mu are the sprung and unsprung 

masses, ks and k1 are the spring and tire stiffness, cs is 

the damper coefficient, zs and zu are the sprung and 

unsprung mass displacements, and h is the profile 
height. In the implementation of the IRI, equations gi1ven 
in (2) are normalized for the sprung mass. 

Sprung Mass 

is =k2 (zu -z8 )+c(iu -is) 

Unsprung Mass 

JlZu = -k2 (zu -zs)-c(iu -is)+k1 (h-zu) 

The IRI Golden Car parameters are: 

c=c8 /ms =6.0 (s-1
) 

k1 = k1 /m8 = 653 (s-2
) 

~ =ks/ms =63.3 (s-2
) 

Jl = mu /ms =0.15 (-) 

(3) 

(4) 

The IRI is defined as the simulated motion of the sprung 
and unsprung masses normalized by the length of the 
profile: 

(5) 

The IRI gain response is shown in Figure 4. It is 
essentially a band pass filter. The first and second 
peaks represent the body heave and wheel bounce 
vibration modes, respectively. 
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Figure 4- IRI Filter Gain [4] 

Modification of the vehicle model parameters could 
result in a very different band pass filter frequency range 
and could change the general shape for the gain 
response. Higher order models could also result in very 
different responses. 

TIRE MODELING 

As discussed previously, the IRI tire-enveloping model is 
a simple moving average. This model is subject to an 
"aliasing like" effect at wave numbers above 1/tire 
contact patch length (1 /0.25 m = 4 cycles/m for the IRI). 
The "aliasing" is not due to low sampling frequency, but 
instead due to averaging over more than one cycle, i.e., 
the tire contact patch is covering more than 1 cycle of 
input. The sine sweep response given in Figure 1 was 
extended to higher wave numbers as shown in Figure 5. 
After reaching zero response at 4 cycles/m, the 
response starts to increase due to the averaging of more 
than 1 cycle. The moving average tire model essentially 
assumes that there is no tread band stiffness, i.e., that 
the tire tread follows the road profile, even if it means 
following down into a very narrow "crack", and that the 
average height of the tread over the length of the contact 
patch is the input to the tire spring stiffness. This tire 
model is suitable for relatively smooth road profiles, but 
will not be appropriate for rougher off-road terrains. 

A literature search for potential tire models has been 
performed. The obseNed tire model complexity ranged 
from a point contact follower up to finite element models. 
While the point contact follower model is believed to be 
too simple, the finite element models are far too complex 
for the purposes of developing a terrain rating. Several 
model types of intermediate complexity appear to yield 
reasonable results. 
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Figure 5- "Aliasing" with the IRI Moving Avera~1e 
Filter 

One such model is a rigid roller or effective road input 
tire model. The theoretical derivation of this effective 
road profile is the wheel center trace when the vehicle 
travels very slowly over the real ground profile (Finure 
6). The question is how to find this effective road profile 
corresponding to the real ground profile. The easiest 
way to calculate the effective road profile is to assume 
the tire is a rigid disk [5]. Based on this geometric 
restriction, the effective road profile can be easily 
calculated. The rigid roller model essentially filters the 
high frequency road input to provide a more realistic 
input for a point contact tire model. However, this model 
ignores the tire-enveloping characteristic. The 
calculated effective road profile departs from the 
measured one; especially at sharp corners contained in 
the original road profile. 
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Figure 6- Effective Road Input [11] 



The frequency and time domain responses for the rigid 
roller tire model are shown in Figure 7 and Figure 8, 
respectively. Instead of contact patch length, as was the 
case for the IRI tire model, the different lengths 
correspond to the radius of the tire. The frequency 
response is somewhat similar to that for the IRI tire 
model in that it rolls off at lower frequencies as the tire 
radius increases. It tends to have a higher magnitude at 
lower frequencies that increases with decreasing tire 
radius. The time domain response is very similar to the 
input at low frequencies. The time domain response 
seems more realistic for this model than the simple 
moving average in that it rides the top of the road profile 
when the wave numbers (cycles/m) are large. The 
frequency response at the low range should be 1, but 
there was not high enough power in the input at the low 
frequency range to produce this. A second sine sweep 
was run at lower frequencies. The frequency and time 
domain responses showed that the frequency response 
magnitude is 1 at low frequency. The initial work 
performed with this model suggested that the response 
was too stiff. 
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Figure 7 - Rigid Tire Model Frequency Response 

The next tire model that will be examined is a flexible 
roller tire model [6]. The flexible roller contact model 
includes the contact pressure distribution on the tire 
contact patch and filters the ground profile within the 
contact patch. There are several ways to determine the 
contact pressure distribution. Measurement of the 
contact pressure distribution would be the most 
accurate. This distribution could also be calculated by 
assuming the shape of the distribution. The simplest 
one is the uniform contact pressure distribution 
assumption. This model assumes the tire stiffness is 
distributed uniformly over the contact patch and it 
approaches the rigid roller contact model as the 
distributed stiffness approaches infinity. This model 
does not simulate the tire tread bending effect and 

carcass bulging effect. The model and example contact 
pressure distribution are shown in Figure 9. 
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Figure 8- Rigid Tire Model "Time Domain" Response 
Overlayed on Input 
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Figure 9 - Flexible Roller Contact Model and 
Contact Pressure Distribution 

VEHICLE MODELING 

A range of vehicle models will be examined during this 
study including quarter car, half-car pitch plane, ancl full 
vehicle models. The quarter car has been ttie focus up 
to this point. 

The quarter car model for the IRI is implemented using a 
state space solution. While the particular state space 
solution is very efficient, it is not useful for analyzin9 the 
addition of any non-linearity to the model. An Explicit 
Euler integration method to solve the quarter car model 
was developed. To achieve better agreement witt': the 
state space solutions, additional linearly interpolated 



points are added to the profile. It was found that adding 
1 00 linear1y interpolated points between each data 
sample gave similar results for the two solution methods. 

One of the goals for using the Explicit Euler integration 
method was to look at the tire and suspension forces. 
These forces are not fully modeled in Equation (2) 
because the initial deflection of the tire and suspension 
due to the effect of gravity on the sprung and unsprung 
masses has not been accounted for. Not induding this 
effect generally does not change the calculation of the 
IRI (unless the wheels come off the ground which 
generally is not the case for road profiles). Accounting 
for the initial tire and suspension forces yields: 

Sprung Mass 

m/is = -msg +ks (zu- Zs )+ Fs,O +c(:iu- :is) 

Unsprung Mass 

muiu = -mug-ks (zu -zs)-Fs,O -c(:iu -:is) 

+ kt ( h - zu) + Fr,o 

(6) 

Where Fs,o and Fr,o are the initial suspension spring and · 

tire forces and ks ( zu - zs) + Fs,o and k1 ( h- zu) + Fr.o are 
the total suspension spring and tire forces. At static 
equilibrium: 

Fs,O = msg 

F;,o = (mu +ms)g 
(7) 

TERRAIN RATING METRICS 

Several terrain rating metrics have been examined. 
They indude IRI, Speed Roughness Index (IRI x Speed), 
and Repetitions to Failure. The latter metric represents 
a very preliminary assessment of how the mechanics of 
fatigue failure, which are not addressed in the IRI, might 
be introduced into the terrain rating process. During 
these evaluations, the quarter car model speed was 
varied from 1 to 80 km/hr, while the IRI metric is run at a 
single speed, namely 80 km/h. The gain response for the 
quarter car model with the IRI parameters for multiple 
speeds is given in Figure 1 0. The gain response for the 
quarter car model does change with vehide speed. The 
basic shape of the response does not change because 
the vehide parameters are not speed dependent and the 
quarter car model is linear, but it does shift down the 
wave number spectrum as speed increases. 

cycleshn 

Figure 10 - IRI Quarter Car Gain Response at 
Multiple Speeds 

INTERNATIONAL ROUGHNESS INDEX (IRI) 

The IRI quarter car model, in conjunction with the IRI tire 
model, was run over 500-cyde sinusoidal terrains with 
wave numbers ranging from 0.01 to 3.7 cydes/meter. 
The magnitude of the sinusoidal input was 0.001 meters. 
The vehicle speed ranged from 1 to 80 kmlh. The IRI 
calculated values are given in the Figure 11 contour plot. 
The values are plotted as a function of speed and wave 
number. The color bar on the side of the figure indi<~te 
dark areas represent low IRI values and light areas 
represent high IRI values. The units of the IRI values 
are m/km. The dark areas represent wave numbers that 
are either above or below the IRI band pass filter for a 
given speed. The lower the speed, the wider the band 
pass filter appears. This seems inconsistent with what 
was shown for the IRI quarter car gain responses in 
Figure 10. The gain responses in Figure 10 are plotted 
on a logarithmic scale, whjle the contour plot is not. A 
surface (or 3-dimensional) plot for the same data is 
given in Figure 12. 

Contour Plot of IRI Values 
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Figure 11 - Contour Plot of IRI Values as a 
Function of Wave Number and Speed 



Figure 12- Surface Plot of IRI Values as a Function 
of Wave Number and Speed 

Initially, it is somewhat surprising that the IRI values for a 
given wave number increase with a decrease in speed, 
down to lower speeds where there is some waviness or 
undulations in the response. To visualize this more 
clearly, IRI values for a few wave numbers are plotted as 
a function of speed in Figure 13. These responses look 
very much like the gain responses for the IRI quarter car 
model shown in Figure 10. Examining the 1.5 cycle/m 
trace, the IRI values are very low at 80 km/h and 
increase down to approximately 23 km/h. This suggests 
that road roughness decreases with an increase in 
speed. Below 23 km/h, there is a dip, followed by 
another peak at approximately 3 km/h and then a 
decrease down to 1 km/h. The other traces have this 
same basic trend, with peaks and valleys occurring at 
different speeds. A line is drawn on this plot at an IRI of 
3 m/km. This line passes through the 0.5 cycles/m wave 
number at 10, 58, and 80 km/h. Is the road roughness 
at these speeds and wave number the same? To 
examine this more closely, the vehide responses at 0.5 
cycles/m and 10, 58, and 80 km/h were examined in 
detail. 
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Figure 13 - IRI Values as a Function of Speed for 
Specific Wave Numbers 

The sprung mass displacement, unsprung mass 
displacement, and profile height for the 0.5 cyde/m wave 
number at 10, 58, and 80 km/h are plotted in Figure 14. 
The sprung mass displacements for the 58 and 80 krn/h 
traces are much smaller than those for the 10 krnlh 
trace, while the unsprung mass displacements are 
slightly larger. The profile is the same for all three 
traces. 

The sprung mass, unsprung mass, sprung mass -
unsprung mass, and profile velocities are plotted in 
Figure 15. While the sprung mass velocity for the 1 0 
kph trace is slightly higher than the 58 and 80 km/h 
traces, the unsprung mass, sprung - unsprung mass, 
and profile velocities are much lower for the 1 0 kph 
speed. The 58 km/h traces are somewhat lower than 
the 80 km/h traces. As noted in Equation (5), the IRI 
calculation is based on the summation of the sprung -
unsprung mass velocities. That being the case, why do 
these very different magnitude traces produce the same 
IRI value? A close examination of Equation (5) reveals 
the answer. The integral in Equation (5) is actually 
solved using a summation with the number of samples 
( n) times the sample increment ( dx) replacing the 
length: 

l LIV . . l n . . 

!Rl=- J lzs-zuldt=-IIzs,-Zu;~t (8) 
L 0 ndx i=l 
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Figure 14- Sprung and Unsprung Mass 
Displacement and Profile Height as a Function of 
Distance for a 0.5 cycle/m Sinusoidal Road Profile 
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Figure 15- Sprung, Unsprung, and Sprung­
Unsprung Mass Velocities and Profile Velocity as a 
Function of Distance for a 0.5 cycle/m Sinusoidal 

Road Profile 

Since dx and dt are constants and velocity 

v =dxldt: 

1 In 1· · I !Rl=- z -z. v Sl Ul 
n ;~I 

(9) 

Equation (9) shows that the IRI is inversely proportional 
to the velocity. This explains how the very different 
sprung - unsprung mass velocities in Figure 15 for the 
10, 58, and 80 km/h speeds can produce the same IRI 
value. 

So even though approximately the same IRI values were 
produced at 10, 58, and 80 krn/h, this does not imply the 
road harshness at these speeds is the same. Further 
demonstration of this is given in Figure 16. The spring, 
damper, suspension (spring + damper), and tire forces 
are plotted in this figure. Even though the spring force 
magnitude is approximately the same for all three 
speeds, the other forces increase with increasing speed. 

These results suggest that the IRI formulation will not be 
appropriate for rating terrain roughness or harshness at 
multiple speeds. These results have no impact on 
current road roughness ratings because they are 
currently carried out at a single speed. 
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Figure 16- Spring, Damper, Suspension, and Tire 
Force as a Function of Distance for a 0.5 cycle/m 

Sinusoidal Road Profile 

SPEED ROUGHNESS INDEX (SRI) 

One option for overcoming the deficiency related to 
rating terrains at various speeds is to take the division by 
speed out of the IRI calculation. The units for this new 
metric would be m/hr. This new metric is called the 
Speed Roughness Index (SRI). Doing this for the IRI 
values discussed above yields the contour plot shown in 
Figure 17, which shows SRI as a function of speed and 
wave number. A surface plot of the same data is given 
in Figure 18. These plots seem to have more physical 
meaning. Across speed, the SRI values are highest in 
the band pass filter frequency range for the given speed. 
The highest values occur near the second peak of the 
band pass filter. The SRI values also decrease with 
decreasing speed (or increase with increasing spe,ed), 
which again is intuitive given the velocity and force 
traces in the previous figures. The decrease in SRI 
values as speed decreases and wave number increatses 
(upper right sweeping down and then towards lower left 
in Figure 17) is due to the moving average tire model. 
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Figure 17- Contour Plot of SRI Values as a 
Function of Wave Number and Speed 
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Figure 18 -Surface Plot of SRI Values as a 
Function of Wave Number and Speed 

REPETITIONS TO FAILURE 

As noted above, an important element of this program is 
the development of means to include fatigue failure 
factors in the terrain rating procedure. In the work to 
date, basic established fatigue analysis methods have 
been applied in conjunction with the quarter car model to 
obtain an initial understanding of trends. This involved 
the use of suspension force as opposed to the 
suspension velocity used in the IRI. The suspension 
force was applied to a hypothetical structural element 
with a specified cross-sectional area to obtain a 
representative stress time history. Once the stress time 
series was known, it was sent to a "rainflow" counting 
algorithm [8]. The results of the rainflow counting were 
then used to determine the repetitions required to reach 
failure for the given terrain. 

Fatigue life estimation is fundamentally based on the 
Wohler Stress vs. Number of Cycles to Failure (S-N) 

curve. An example of this type of curve is given in 
Figure 19. The S-N curve relates fatigue life ~~he 

number of cycles to failure, N 1 ) to stress amplitude 

expressed as "alternating stressD ( 0"
0

). 

(J (•. 

Figure 19- Wohler S-N Curve [7] 

The stress time series anticipated in components of 
military vehicles operating in off-road conditions will be 
relatively complex. Figure 20 shows a hypothetical 
example of what might be expected from terrain-induced 
stress. For fatigue analysis of the general loading case 
depicted in Figure 20, application of the "rainflow" cycle 
counting algorithm, introduced by Endo in 1968 [8], is 
now common practice. 

Figure 20 - Arbitrary Loading Time History [9] 

The rainflow counting process is quite laborious for 
almost any practical stress time history, but the algorithm 
can and has been implemented in software. A suitable 
software package, called WAFO (Wave Analysis for 
Fatigue and Oceanography), is available in the public 
domain (http://www.maths.lth.se/matstat/wafo). WAFO 
was developed by the Mathematical Statistics Center for 
Mathematical Science at Lund University in Sweden and 
provides comprehensive tools as a MATLAB toolbox for 
wave and fatigue analyses and simulations. WAFO 
contains numerous routines for evaluating fatigue 
measured loads, as well as making theoretical 
calculations of distributions that are important for fatigue 
evaluation. 

The number of cycles to failure of any well desinned 
military vehicle component will in all likelihood be very 
much larger than those contained in any test or 
simulation time series analyzed. Thus, it is quite 



impractical to work with a time series representing the 
complete fatigue life of a component. Instead it is 
feasible to obtain or generate a much shorter stress time 
series, which is still long enough to capture the statistics 
of a given terrain profile. This practical profile can then 
be applied repeatedly in the fatigue analysis using the 
Palmgren-Miner equation (Ref. 9). 

The number of repetitions of the profile, B 1 , instead of 

the percentage of entire service life, provides the 
measure of the expected fatigue life. 

The repetitions to failure for the sinusoidal terrains have 
been determined using the suspension force time 
histories for each of the individual runs at each speed 
and wave number combination given above. 

The sprung mass is not a known quantity in the IRI 
calculation. The total sprung mass for the vehicle was 
assumed to be 1460 kg (1 00 slugs) and therefore the 
sprung mass for the quarter car was 365 kg (25 slugs). 
The arbitrary stress element was chosen to be a circular 
rod with a radius of 0.0025 meters. The definition of 
parameters such as this is but one of many fatigue 
issues to be further investigated for this work. 

At high frequency and high speed, the initial IRI quarter 
car response was affected by some high frequency 
component of the input, before settling into a constant­
amplitude oscillatory motion. To keep the initial 
transients from entering the determination of the 
repetitions to failure, only cycles 150 to 450 (out of 500) 
were used in the analysis. The repetitions to failure 
given below are repetitions of the 300 cycles; in other 
words it is the number of times required to repeat the 
300 cycles for failure to occur. To get a number of 
repetitions to failure for an individual cycle, the numbers 
given below would need to be multiplied by 300. 

It should be noted that the repetition to failure values 
presented below are not normalized for profile length. 
They are based on having the same number of 
oscillations regardless of the wave number. 

It was found that the repetitions to failure were many 
orders of magnitude different for various speed/wave 
number combinations. This being the case, the log 
(base 1 0) of the repetitions to failure values are 
presented in the figures below. 

A contour plot of the repetitions to failure as a function of 
speed and wave number is given in Figure 21. To 
provide more contrast in the region of interest, this plot 
was limited to 30. The values in the lower right hand 
corner of the plot reach over 60. This plot looks very 

similar to the SRI contour plot given in Figure 17. The 
main difference is that the dark and light areas ;:~re 

reversed. This is because a harsher road input results in 
a lower number of repetitions to failure, while the 
opposite is true for SRI (a harsher road input results in a 
higher SRI). A surface plot of the same data is shown in 
Figure 22. This plot again is similar in shape to that for 
the SRI plot except it is inverted. The increase in the 
repetitions to failure as the speed decreases and wave 
number increases is due to the moving average tire 
model. 
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Figure 21 - Contour Plot of Repetition to Failurt! 
Values as a Function of Wave Number and Speed 
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Figure 22 -Surface Plot of Repetition to Failur,e 
Values as a Function of Wave Number and Spet!d 

CONCLUSION 

Properly characterizing terrain roughness is an important 
issue for the U.S. Army. An approach to solving this 
problem is to examine the response(s) of a relatively 
simple vehicle model driven over the terrain/test course 
and developing a metric to characterize the roughness of 
the terrain. One example of this type of index is the IRI. 



The results presented in this paper suggest that the IRI 
fonnulation will not be appropriate for rating terrain 
roughness or harshness at multiple speeds. These 
results have no impact on current road roughness 
ratings because they are currently carried out at a single 
speed. One option for overcoming this deficiency for 
rating terrains at various speeds is to take the division by 
speed out of the IRI calculation (multiply IRI by Speed = 
SRI). Another option is to use suspension force as a 
metric in combination with rainflow counting stress 
algorithms to detennine a Repetition to Failure for the 
given terrain. 
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

IRI: International Roughness Index 

SRI: Speed Roughness Index= IRI x Speed 
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